ABSTRACT Pine seedlings and saplings are seldom attacked by bark beetles of the genus Dendroctonus. However, Dendroctonus rhizophagus (Coleoptera: Curculionidae: Scolytinae) Thomas and Bright speciÞcally attacks pine seedlings and causes conspicuous mortality in naturally regenerated stands in the Sierra Madre Occidental, northern Mexico. We evaluated the host preference and attack of D. rhizophagus under Þeld conditions. We tried to establish any relationship between tree growth or host size and the number of attacking beetles. Generally, only one pair of beetles attacked each of the seedlings regardless of host size; however, a signiÞcant positive linear relationship between host size and adult brood size was observed. We found that this species preferred the best growing seedlings in our study sites.
Because of their tree killing capacity, bark beetle species in the genera Dendroctonus and Ips (Coleoptera: Curculionidae: Scolytinae) are among the most intensively studied forest insects (Coulson 1979 , Berryman 1982 , Wood 1982 , Mattson and Haack 1987 , Raffa and Berryman 1987 . Byers (1995) estimated a total of 3,800 published papers from 1970 to 1995 on bark and ambrosia beetles. About one third of these publications relate to the four most aggressive Dendroctonus species of North America: Dendroctonus frontalis Zimmerman, Dendroctonus ponderosae Hopkins, Dendroctonus brevicomis LeConte, and Dendroctonus pseudotsugae Hopkins (Byers 1995) . A bark beetle species is considered aggressive if it must kill its host for successful reproduction and feeding (Berryman et al. 1989 , Price 1997 , Logan et al. 1998 , Six and Paine 1999 ). An aggressive bark beetle species can successfully colonize healthy trees, whereas nonaggressive species feed on dying or dead trees (Raffa et al. 1993) .
Studies on the behavior of aggressive bark beetle species have led to the identiÞcation of the main factors regulating the population dynamics of bark beetles (Coulson 1979; Berryman 1982 Berryman , 1997 Raffa and Berryman 1983 ). Theoretical models indicate that, at endemic population levels, bark beetles are conÞned to stressed trees because tree resistance exerts a major regulating force (Berryman 1982 (Berryman , 1991 (Berryman , 1997 Cates and Alexander 1982, Sturgeon and Mitton 1982) . At epidemic levels, bark beetles overcome tree resistance through chemical communication and "mass attack" (Coulson 1979; Berryman 1982 Berryman , 1997 Borden 1982; Raffa and Berryman 1983; Berryman et al. 1985 Berryman et al. , 1989 . The concept of mass attack for bark beetles includes the arrival of a large number of beetles on the tree host in a short period of time that overwhelms tree defenses (Christiansen et al. 1987) . For Dendroctonus and Ips species, McHugh et al. (2003) used as criteria of mass attack, if attacks occurred in Ͼ75% of the tree bole circumference.
In addition to the theoretical arguments, the literature on bark beetle population dynamics indicates most Dendroctonus and Ips species do not reach outbreak populations on very young trees because they offer a limited resource for food and reproduction. Attacks on regeneration are considered rare, exceptional, or unfeasible (Berryman 1982 , Miller and Borden 1985 , Berryman et al. 1989 . However, in the Sierra Madre Occidental, Northern Mexico, Dendroctonus rhizophagus Thomas and Bright exclusively kills seedlings and young saplings of Apache pine (Pinus engelmannii Carr.), Durango pine (Pinus durangensis Martinez), Pinus leiophylla Schlecht and Cham., and Arizona pine (Pinus arizonica Engelm) (Thomas and Bright 1970, Estrada-Murrieta 1983) . Estrada-Murrieta (1983) Although D. rhizophagus was described more than three decades ago (Thomas 1966 , Thomas and Bright 1970 , Wood 1982 , primary literature is limited to its taxonomy, histology, and phylogeny (Diaz et al. 1998; Kelley and Farrell 1998; Zuñ iga et al. 1998 Zuñ iga et al. , 2002 Salinas-Moreno et al. 2004) . From a genetic point of view, D. rhizophagus is closely related to Dendroctonus valens LeConte (Kelley and Farrell 1998, Zú ñ iga et al. 2002) ; however, these species show distinctive biological differences. D. valens usually breeds in lower boles and stumps of large trees of a broad range of species but rarely kills it host (Thomas 1966 , Pajares and Lanier 1990 , Kelley and Farrell 1998 , whereas D. rhizophagus, a more specialized species (Kelley and Farrell 1998, Zú ñ iga et al. 2002) , attacks pine regeneration and kills its host as the result of a successful attack (Thomas and Bright 1970, Estrada-Murrieta 1983) . D. rhizophagus shows a clear adaptation to withstand winter temperatures by synchronizing its phloem consumption and development. During summer and fall, larvae consume most of the phloem in the stem; during winter, they consume the phloem in the roots and then overwinter (Estrada-Murrieta 1983) . Thus, to successfully reproduce, D. rhizophagus has to consume the roots, resulting in the death of its host.
We consider that biological and ecological information on D. rhizophagus can be of great importance to the development of theory on bark beetle population dynamics. For instance, descriptions by Thomas and Bright (1970) and Estrada-Murrieta (1983) indicate that this species does not mass attack. However, the capacity to build up populations to outbreak levels is evident by the number of killed trees and extensive infested area (Estrada-Murrieta 1983. In addition, several years of Þeld observations by the Þrst author indicate that D. rhizophagus seems to prefer the best growing trees within a given young cohort. We thought that if these premises hold true, the factors regulating the population dynamics of D. rhizophagus must be different from those regulating the population dynamics of the few other aggressive bark beetle species. In this paper, we provide empirical evidence to support the hypotheses that D. rhizophagus (1) prefers the best growing seedlings within a given young stand and (2) though an aggressive species, lacks mass attack behavior typical of other bark beetles.
Materials and Methods
Two Þeld studies were conducted during 1993Ð1995 within natural forested areas in Madera, Chihuahua (29Њ12Ј N, 108Њ12Ј W), northern Mexico, where outbreaks by D. rhizophagus are common. Pine species growing in this region include P. engelmannii, P. arizonica, P. durangensis, P. leiophylla, and P. chihuahuana among others. Forests are under communal ownership called "Ejidos," managed by semiprivate forestry agencies (Forestry Units). The extent of the D. rhizophagus problem is shown by the fact that 156 sanitation practices were implemented from 1989 to 1995 in our area of study (Pest Control Records of Forestry Units 2 and 10).
Study on Host Preference. A Þeld study was established in Madera, Chihuahua, northern Mexico, in August 1994, after the period of attack of D. rhizophagus. Four naturally regenerated Apache pine (P. engelmannii) stands were selected. Three stands within Ejido Madera (29Њ12Ј N, 108Њ12Ј W) were Ϸ1 km apart. The fourth stand within Ejido El Largo (29Њ21Ј N, 108Њ28Ј W) was Ϸ50 km distant from the other three. In each stand, we randomly selected a point, which became the center of a 100-m 2 plot. For each tree within the plots, we recorded the attack condition (attacked or nonattacked), height, stem diameter at the ground level (DGL), length of terminal shoot, and age (by counting number or whorls). Our plots contained mostly a cohort of pine regeneration. Because this was a Þeld study, bark beetles naturally selected their hosts within the plots.
The study was considered as a two-factor complete randomized design. The attack condition of the tree was considered as factor A with two levels (1 ϭ attack 0 ϭ no attack). Site location was considered as factor B with four levels (site 1Ð 4). Individual trees represented the experimental units. DGL, tree height, length of the terminal shoot, and age were the response variables. Mean radial growth was estimated by taking the quotient between stem radius and tree age (mean radial growth). Data were analyzed through multivariate analysis of variance (MANOVA) at the 0.05 experimental-wise ␣ level, followed by univariate F-tests for each factor, using SYSTAT 7.0 (SYSTAT 1997) and validation of the analyses with JMP 3.0 (SAS Institute 1996).
Study on Attack Pattern. This study was conducted during 1993Ð1994 within natural forested areas of the Ejido Madera (29Њ12Ј N, 108Њ12Ј W). A random sample of 42 currently infested trees from three P. engelmannii stands was collected in September 1993. The ßight period of this bark beetle occurs from mid-June to mid-August. Infested trees at this time of year have a green and healthy appearance but are identiÞed by a distinctive single entry hole at the base of the stem that is usually covered with white frass. Sample trees were carefully extracted from the ground, labeled, and transported to a local Research Station of the National (Mexican) Institute on Forestry, Agriculture and Animal Husbandry Research (INIFAP). Trees were measured for length of terminal shoot, height, DGL, and age (by number of whorls). All the attacking bark beetles, larvae, and eggs were extracted from the phloem and counted. Tree measurements were used to derive two growth indices. The Þrst index was constructed by taking the quotient between stem radius and tree age (mean radial growth). The second index was deÞned as ratio between current annual height growth (CAG) and mean annual height growth (MAG). As pointed out by Avery and Burkhart (1994) and Smith et al. (1997) , CAG and MAG can be expressed in any unit of measurement. In this study, the length of the terminal shoot represented CAG, whereas MAG was the tree height divided by age.
To capture a broader representation of host sizes, another random sample of 95 currently infested trees from four stands was collected in August 1994. The same procedure was followed for tree measurements and for the extraction of attacking beetles, eggs, and larvae.
Standard forestry measurements had to be modiÞed because trees attacked by D. rhizophagus are relatively small. For instance, we measured the diameter at the ground level instead of diameter at breast high because most trees were Ͻ1.5 m tall. Similarly, the periodic growth ratio vigor index, deÞned by the mean annual growth in the past 5 yr divided by mean annual growth of the previous 5 yr (Mahoney 1978) , was impractical because most trees were Ͻ10 yr old. Trees from the 1993 sample ranged from 0.54 to 1.63 m in height (mean ϭ 0.99, SD ϭ 0.26, n ϭ 42) and from 3.8 to 7.9 cm in DGL (mean ϭ 5.95, SD ϭ 0.43, n ϭ 42). The 1994 sample contained a wider range of tree sizes. Height ranged from 0.23 to 2.46 m (mean ϭ 1.10, SD ϭ 0.52, n ϭ 95) and DGL from 2.6 to 11.2 cm (mean ϭ 5.66, SD ϭ 1.49, n ϭ 95).
In addition to our samples of currently attacked trees, a random sample of 18 previously attacked trees (1993 attack, already killed trees) with mature brood was collected in mid-June of 1994, a few days before the beginning of the ßight period. New beetles at this time are aggregated inside the root collar and along the roots. Trees were measured in the Þeld (height, DGL, age, and number of entry holes) and carefully extracted from the ground to reduce the possibility of losing any specimen. All the adult beetles were extracted from the tree, collected in vials, and later counted. Data sets (1993 and 1994) were analyzed separately through linear regression analysis using the general lineal model: y ϭ X␤ ϩ , where y nxm ϭ response variable; X n(rϩ1) ϭ matrix of predictor variables; ␤ (rϩ1)n ϭ matrix of intercept and slopes for the different changes on X; and ϭ error.
The predictor variables for currently infested trees were the mean radial growth and CAG:MAG ratio. The response variables were the absolute number of colonizing beetles/tree and total immature brood (number of hatching larvae ϩ eggs)/tree. In the case of old attacked trees, the predictor variables were DGL and height, and the response variable was the number of new adult beetles.
Results
Host Preference. Trees in this study had an overall average Ϯ SD of 1.05 Ϯ 0.4696 m high, 4.80 Ϯ 1.359 cm DGL, 20.85 Ϯ 9.18 cm length of terminal shoot, 0.3278 Ϯ 0.079 radial growth ratio, and 7.93 Ϯ 0.101 yr of age (n ϭ 693).
The two-way MANOVA indicated a signiÞcant interaction effect by attack and site in at least one of the response variables (Table 1) . Based on Johnson and Wichern (1998) , we conducted Þve univariate twoway ANOVAs to see if the interaction was present in all the response variables and give the appropriate interpretation. We found that the only response with signiÞcant interaction was mean radial growth (Table  2) ; therefore, we used the results from MANOVA to interpret the simultaneous additive effects of site and attack on height, DGL, age, and terminal shoot. Under this scenario, there was a signiÞcant multivariate difference between the attacked and nonattacked trees and at least one site had trees with different growing attributes (Table 1) .
Univariate F tests also indicated that every response variable contributed to the multivariate difference by the attack and location factors, conÞrming that those trees that were preferred by D. rhizophagus had the best current annual growth (terminal shoot), the largest height and diameter, and were slightly older within the young cohort (Fig. 1) .
We conducted TukeyÕs honestly signiÞcant difference (HSD) tests to Þnd out how general tree attributes differed among the locations. Trees on sites 2 and 3 had similar characteristics. Trees of site 1 were of equal age and DGL as those in sites 2 and 3 but had A signiÞcant interaction between the attack and site factor was observed (F ϭ 3.836, P ϭ 0.01), because the difference between the mean radial growth attacked and nonattacked trees in site 1 was not as marked as in the other sites. However, because in every case, D. rhizophagus selected those trees with larger mean radial growth, this statistical interaction is not signiÞcant from the biological stand point. Mean radial growth of attacked and nonattacked trees was signiÞcantly different (F ϭ 30.60, P ϭ 0.000). Fig. 3 . Relationship between growth of young P. engelmanni and the absolute number of attacking bark beetles (D. rhizophagus) in naturally infested trees in Madera, Chih., northern Mexico, in 1993. Two growth indices are shown. The mean radial growth (A) is the quotient between stem radius at the ground level and tree age. Current annual growth:mean annual growth ratio (B) refers to the ratio between current height growth (length of terminal shoot) and total tree height. Regression analyses indicate that the number of attacking beetles does not respond to either of these growth indices. Dots represent a sample size of 42 observations. smaller height and current growth. Finally, site 4 had the smallest but the oldest trees in comparison to the other sites, which indicates that this was the poorest site in our study (Fig. 1) .
The additive signiÞcant effects by the attack and location factors and the lack of interaction between these two factors showed conclusively that, regardless of the host differences among sites, D. rhizophagus preferred the best growing trees within each site.
We pointed out earlier that the univariate F-test for radial growth ratio indicated a signiÞcant interaction by the factors. However, as shown in Fig. 2 , the interaction appears because the mean radial growth of nonattacked trees in site 2 was smaller than that of site 1, whereas the opposite occurred for attacked trees. Because the levels of the factor location are not gradients that can be regulated in the statistical sense, this statistical interaction simply indicates that the difference between attacked and nonattacked trees in site 1 was not as strong as in the other sites, but in every case, D. rhizophagus selected the best-growing seedlings (Fig. 2) .
Attack Pattern. For the 1993 data set, regression analyses showed no linear relationship between any of the tree growth indices and the absolute number of attacking beetles in currently infested trees (Fig. 3) . Likewise, there was no linear relationship between tree growth and immature bark beetle brood size (Fig. 4) .
For the 1994 data set, the regression between mean radial growth and number of attacking beetles in currently infested trees was signiÞcant, but the variation on the response variable accounted for by mean radial growth was minimal (Fig. 5A) . The regression between CAG:MAG ratio and the number of attacking beetles in currently infested trees was not signiÞcant (Fig. 5B) . Similarly, there was no signiÞcant linear relationship between mean radial growth and imma- The mean radial growth (A) is the quotient between stem radius at the ground level and tree age. Current annual growth:mean annual growth ratio (B) refers to the ratio between current height growth (length of terminal shoot) and total tree height. Regression analyses indicate only a weak relationship between mean radial growth and the number of attacking beetles (A). Dots represent a sample size of 95 observations. ture bark beetle brood size nor between CAG:MAG ratio and immature brood size (Fig. 6) .
In contrast to the results in currently infested trees, we found a signiÞcant positive linear relationship between host size and adult brood size in old infested trees (Fig. 7) , despite the fact that all 18 infested trees had just one attack (entry hole). These results suggest that, although parent beetles do not regulate the immature brood according to host size, the adult brood size of D. rhizophagus is adjusted according to tree size probably through intraspeciÞc competition.
Discussion
In this study, we showed that D. rhizophagus, although an aggressive species, follows an attack strategy that is completely different from congeneric mass attacking beetles. It specializes in seedlings and very young saplings, prefers the best growing trees within a given young tree cohort, but lacks the trait of mass attack. Because no attacks were observed in large saplings, pole sized, or adult trees, we believe the proximate and ultimate regulating force of the population dynamics of D. rhizophagus is the availability of young tree cohorts (of preferred species) within stands and forests and the femaleÕs reproductive capacity. We also believe that an age (Ϸ10 yr old) and size (Ϸ3 m tall) threshold must limit host susceptibility. The empirical evidence in this study and the anecdotal reports of other bark beetle species attacking young conifers (Schenk et al. 1976, Furniss and Carolin 1977) gives us the opportunity to enrich the general theory (under development) on bark beetle population dynamics.
We consider that the exceptions and even the generalized patterns on bark beetle population dynamics should be frequently revisited to provide strength in the development of a general theory of bark beetle population dynamics. We conclude that D. rhizophagus is a good example to show that bark beetles not only have the ability to reproduce on seedlings and saplings but can become specialists. It is a good species for the study of bark beetle population dynamics because it gives the opportunity to solve the sample size problem and the cohort problem discussed by Price et al. (1990) . Because of the lack of mass attack and the small host size, the entire number of attacking beetles and entire immature and mature brood per tree can be counted as we did in this study. Finally because this species attacks young cohorts of trees, studies on the positive and negative impacts on stand structure are necessary. Fig. 6 . Relationship between growth of P. engelmanni and the immature brood of D. rhizophagus in naturally infested regeneration in Madera, Chih., northern Mexico, in 1994. Two growth indices are shown in this Þgure. The mean radial growth (A) is the quotient between stem radius at the ground level and tree age. Current annual growth:mean annual growth ratio (B) refers to the ratio between current height growth (length of terminal shoot) and total tree height. Regression analyses showed no signiÞcant linear relationship between any of the two growth indices and the immature brood size produced by the absolute number of attacking beetles. Dots represent a sample size of 95 observations.
Fig. 7.
Relationship between the size of trees (P. engelmannii) infested by D. rhizophagus and the emerging mature brood size after the host was killed. All trees in this sample (n ϭ 18) were naturally infested. Notice that the absolute number of new adult beetles per tree was recorded. The number of attacks per tree was one for all trees.
